ADA072018 


P.  BURKHALTER 

X-Ray  Optics  Branch 
Radiation  Technology  Division 

and 

J.  Davis 

Plasma  Radiation  Group 
Plasma  Physics  Division 


March  16,  1979 


This  research  was  supported  by  the  Defense  Nuclear  Agency  under  Subtask  T99QAXLB203, 
work  unit  12  and  work  unit  title  Advanced  Concepts  Theory. 


(MOASSifP 


SECURITY  CLASSIFICATION  OF  This  PAGE  (Whmn  Dmtm  Entered) 


REPORT  DOCUMENTATION  PAGE 


1 REPORT  NUMBER 


2.  GOVT  ACCESSION  NO. 


NRL  Memorandum  Report  3934 


4.  TITLE  (mtd  Subtitle) 

SPECTROSCOPY  AND  X-RADIATION  FROM  EXPLODED- 
WIRE  ARRAYS  AND  GAS  PUFF  PLASMAS 


7.  AUTHORS 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


3-  RECIPIENT’S  CATALOG  NUMBER 


S.  TYPE  OP  REPORT  * PERlOO  COVERED 

Interim  report  on  a continuing 
NRL  problem. 


4.  PERFORMING  ORG.  REPORT  NUMBER 


t.  CONTRACT  OR  GRANT  numbert«> 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  * WORK  UNIT  NUMBERS 

NRL  Problem  H02-26K 
DNA  Subtask  T99QAXLB203 


12.  REPORT  OATE 

March  16,  1979 


13.  NUMBER  OF  PAGES 

95 


15.  SECURITY  CLASS,  (ol  thle  report) 

UNCLASSIFIED 


15«.  OECL  ASSI  FI  CATION/ OOWNGRAOING 
SCHEDULE 


P.  Burkhalter  and  J.  Davis 


PERFORMING  ORGANIZATION  NAME  ANO  AOORESS 

Naval  Research  Laboratory 
Washington,  D.C.  20375 


II.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 


MONITORING  AGENCY  NAME  b AOORESS/lf  dlllerent  from  Controlling  Oltleo) 


DISTRIBUTION  STATEMENT  (ol  thle  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ol  tho  obotroct  ontorod  In  Block  20.  II  dlfloront  from  Roport) 


IB.  supplementary  NOTES 

This  research  was  supported  by  the  Defense  Nuclear  Agency  under  Subtask  T99QAXLB203,  work 
unit  12  and  work  unit  title  Advanced  Concepts  Theory. 


If.  KEY  WOROS  (Contlnuo  on  reeoree  mldo  II  nocoooory  and  identify  by  block  number) 


Wire  plasmas 
Gas  puffs 
Spectroscopy 


■VI  CPU 


'CS  J- 


Vi  v.y  \ > 3.  a 


20.  ABSTRACT  ( Contlnuo  on  reeoroo  aide  II  nocoooory  end  Identity  by  block  number) 

- — ~~fSin  this  report  results  are  presented  for  three  separate  experiments  involving  multiple  exploded 
wire  arrays  and  puff  gas  plasmas.  The  first  section  deals  with  the  analysis  and  interpretation  of  x-ray 
line  spectra  from  a variety  of  exploded  multiple  wire  arrays  including  Al.  gljss.  Ti,  SS.  Mo,  and  W wires. 
The  second  section  deals  with  x-ray  spectra  from  puff  gas  experiments  afjJjor  Ne,  Ar.  Kr,  and  Xe  gases. 
Finally,  we  conclude  with  a discussion  of  x-ray  spectra  from  a gas  puff  Z-pinch  device,  operated  at  the 
University  of  California,  Irvine,  that  provides  both  spatial  and  spectral  information  of  Ar  x-ray  emission. 


dd  , :zr„  1473 


EDITION  or  I NOV  «S  It  OatCLETE 
S/X  0102-014-  6601 


71  I 1 

vvvjTjfl 


SECURITY  CLASSITI 


Dmtm  Entered) 


Accession.  For 

NT  IS  G&AAI 
DOC  TAB 
Unannounced 
Justification 


! By. 


W 


CONTENTS 

INTERPRETATION  OF  X-RAY  LINE  SPECTRA  FROM 
EXPLODED-WIRE  ARRAYS 

FOREWORD  

I.  INTRODUCTION  

II.  EXPERP4ENTAL  

III.  RESULTS 

IV.  SUMMARY  AND  DISCUSSION  

ACKNOWLEDGMENT  

REFERENCES  


; stribution/ 


i1 ability  Codes 


1 

Avail  and/ or 

ft 

bpGC  J 

ial 

iv 

1 

1 

3 

10 

13 

14 


X-RAY  SPECTRA  FROM  GAS-PUFF  EXPERIMENTS  AT  PI 


I.  INTRODUCTION 29 

II.  EXPERIMENTAL  29 

III.  RESULTS-ARGON  31 

IV.  KRYPTON-EXPERIMENTS  AND  RESULTS  32 

V.  XENON  AND  NEON  - EXPERIMENTAL  AND  RESULTS  33 

VI.  DISCUSSION  35 


I. 

II. 

III. 

IV. 


X-RAY  SPECTRA  FROM  A GAS-PUFF  Z-PINCH  DEVICE 


INTRODUCTION  48 

EXPERIMENTAL  48 

RESULTS 51 

SUMMARY  59 


61 


in 


v 


0 3 


23  04  3 


REFERENCES 


FOREWORD 


The  understanding  of  exploding  multiple  wire  and  gas  puff  plasmas 
from  x-ray  observations  depends  on  how  well  the  plasma  state  can  be 
described  quantitatively  during  the  emission  process.  The  evolution  of  * 

the  plasma  up  to  and  during  the  radiation  pulse  is  a complex  problem  in- 
volving competing  physical  processes  and  is  currently  under  intensive 
Investigation  at  NKL.  Important  understanding  of  the  plasma  can  be 
gained  from  the  diagnosis  of  the  emitted  radiation.  Our  approach  to 
the  problem  here  is  to  combine  the  results  of  the  spectral  observations 
with  a simple  plasma  model  that  stresses  the  ionization  and  radiation 
dynamics  of  a multi-level  atomic  model.  The  size  of  the  emitting 
region  is  estimated  from  x-ray  pinhole  data  together  with  measurements 
of  the  intensity  of  diagnostically  important  spectral  lines.  The  plasma 
modal  is  then  employed  to  calculate  x-ray  spectra  for  selected  lines 

tr 

and  continuum.  These  calculations  yield  reasonable  estimates  of  the 
average  plasma  temperature  and  density  which  exist  during  the  radiation 
pulse. 

In  this  report  we  will  confine  our  discussion  to  specific  puff  gas 
and  multiple  wire  results.  The  report  is  structured  in  the  following 
manners  the  first  part  is  concerned  with  the  interpretation  of  x-ray 
line  spectra  from  exploded-wire  arrays,  the  second  part  discusses  x-ray 
spectra  from  gas  puff  experiments  at  Physics  International,  and  finally 
we  conclude  with  a discussion  of  x-ray  spectra  from  a gas  puff  Z-pinch 
device  obtained  from  a series  of  experiments  done  at  the  University  of 
California.  The  temperatures  and  densities  were  inferred  from  a plasma 
model  discussed  in  an  accompanying  NRL  Memorandum  report. 
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INTERPRETATION  OF  X-RAY  LINE  SPECTRA  FROM 
EXPLODED-WIRE  ARRAYS* 


I.  INTRODUCTION 

X-ray  spectra  In  the  1-7  keV  region  have  been  recorded  with  convex, 
curved-crystal  spectrographs  in  the  PITHON  and  BLACKJACK  4 high  voltage 
exploded-wire  generators.  The  spectra  were  recorded  from  the  plasma 
implosion  formed  at  the  center  of  the  symmetrical  imploded-wire  arrays. 

The  x-ray  data,  collected  throughout  the  periodic  table  (Mg  thru  W)  on 
No-Screen  X-ray  film,  were  processed  to  obtain  relative  spectral  inten- 
sities. Temperatures  and  densities  were  estimated  for  the  entire  implo- 
sion region  from  line  ratio  techniques  and  the  slopes  of  the  continuum 
in  exploded-Al-wire  spectra.  The  plasma  models  used  were  the  coronal  model 
with  dielectronic  recombination,  average  atom  model  calculations,  and  a 
collisionally-dominated,  radiation  transport  code  with  a cylindrical 
temperature  input  profile  together  with  published  plasma  x-ray  line  ratio 
data. 

II.  EXPERIMENTAL 

Symmetrical-six-wire  arrays  were  exploded  in  the  PITHON  at  Physics 
International  Company  (P.I.)  (1)  and  the  BLACKJACK  4-  generator  at 

Maxwell  Laboratories,  Inc.  X-ray  spectra  were  collected,  processed,  and 
interpreted  from  Al,  glass,  Ti,  stainless  steel,  Mo,  and  W wires.  The 
x-ray  film  data  selected  were  representative  of  spectral  data  from  shots 


* This  section  was  co-authored  with  J.  Rauch,  W.  Clark,  G.  Dahlbacka, 
and  R.  Schneider. 

Manuscript  submitted  December  15, 1978. 
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forming  good  plasma  implosions  as  evidenced  from  intense  x-ray  signals 
using  active  detectors.  Pinhole  Images  through  100  pm  and  50  pm 
apertures  were  available  from  two  A1  shots  taken  at  Physics  International. 

Convex,  curved  crystal  geometries  were  used  on  both  generators, 
mostly  with  two  crystals  recording  simultaneous  data  onto  No-Screen 
x-ray  film.  At  P.  I.,  the  crystals  used  were  KAP  (15*9  mm-radius, 

2d  = 26.6  X)  graphite,  (2d  s 6.7  X)  and  LiF  (12.6-nm  radius)  (2d  s ^.03  X) 
and  at  Maxwell,  KAP  (31.8-mm  radius)  and  LiF  (6.3  ram  radius)  spectrographs 
collected  the  x-ray  spectra.  Thin  absorption  filters  of  Kimfoll  and 
Kapton  were  used  to  record  A1  data  and  thicker  mylar  step  filters  allowed 
data  collection  at  various  exposure  levels  on  the  same  film.  Valuable 
high-dispersion  A1  spectra  were  recorded  on  a few  of  the  shots  from  both 
generators.  The  spectra  were  scanned  at  the  Naval  Research  Laboratory 
(N.R.L.)  with  a digitizing  Grant  scanning  densitometer.  Film  densities 
were  recorded  every  10  pm  across  the  films  using  a 20  pm  wide  densitometer 
slit  width.  This  was  adequate  for  profile  resolution  as  the  x-ray  line 
widths  varied  mostly  in  the  range  of  100-300  pm.  The  film  densities  were 
converted  to  spectral  intensities  using  No-Screen  sensitometric  data  of 
Dozier,  et  al.  (2),  x-ray  absorption  coefficients  published  by  Henke  (3) 
for  the  filters,  and  unpublished,  curved-crystal  response  data  calculated 
by  Brown  (4) . In  this  report  the  spectral  data  are  reported  as  relative 
intensities  of  the  x-ray  emission  incident  on  the  x-ray  crystals.  X-ray 
line  ratios  were  obtained  from  the  spectral  peaks. 

Temperature  predictions  were  nxide  in  this  work  from  various  plasma 
models.  The  recombining  temperatures  were  determined  from  the  dielectronic 
satellites-to-resonance  line  ratios  in  Al  and  Si  based  on  line  ratios 
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published  by  Bhalla  and  Gabriel  (5)  and  were  estimated  from  the  slopes 
of  the  free-bound  H-like  continuum  in  the  A1  spectra.  Temperatures  for 
the  hot  plasma  emission  were  obtained  from  line  ratios  using  coronal 
model  calculations  that  include  dielectronic  recombination  and  a ID 
multi-cell  radiation  model  that  incorporates  a ray  trace  method  to 
handle  the  radiation  transport.  The  model  assumes  that  the  input  energy 

from  the  generator  dumps  into  a finite  diameter  (0.1  cm)  implosion  plasma 

la 

formed  at  the  center  of  the  array  with  a constant  ion  density  of  1 x 10 
ions/cm^.  A complete  development  and  discussion  of  the  multi-cell  radi- 
ation transport  model  will  be  treated  in  a correlated  report  by  Davis, 
et  al.  (6). 

Density  predictions  were  made  from  the  ratio  of  the  resonance-to- 

2 12  5 

intercombination  lines  (Is  -ls2p  P/ls  -ls2p  *'P)  in  Al  and  Si  using 
published  calculations  by  Vinogradov,  et  al.  (7)  for  laser-produced 
plasma  densities.  The  merging  of  the  high  Rydberg  transitions  in  Al  and 
Ti  allowed  for  density  estimates.  A density  was  determined  for  the  Mo 
spectrum  based  on  the  average  atom  model  calculations  of  Rozsnyai  (8) . 

III.  RESULTS 

A.  Al  wire  arrays 

An  Al  spectrum  from  shot  BLl  was  collected  on  BLACKJACK  1+ 
through  1/2-mil  mylar  step  filters.  Digitized  spectral  scans  were  made 
of  five  spectra  and  the  spectral  Intensity  trace  for  data  collected 
through  1 1/2-mlls  of  mylar  is  shown  in  Fig.  1.  Al  is  readily  stripped 
to  the  K-shell  in  exploded-wire  plasmas.  For  this  shot,  the  H-llke 
resonance  line  (ls-2p)  was  about  60%  the  Intensity  of  the  He-llke 
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resonance  line  (Is  -ls2p  P).  These  two  lines  are  optically  thick  in  a 

20  3 

uniform  hot,  dense  plasma  of  10  el/cm  . The  resonance  lines  require 
large  correction  for  the  absorption  by  the  mylar  filter.  For  these 

reasons,  temperatures  were  determined  also  from  the  ratio  of  the  H-like 

2 

ls-3p  line  and  the  He-like  Is  -ls5p  line.  These  lines  are  seen  to  be 
close  in  wavelength  (near  6 A)  and  are  generally  closer  in  exposure 
levels  than  are  the  resonance  lines  to  the  2p  level.  Therefore  uncer- 
tainties in  data  processing  would  be  minimized  (less  than  5 percent)  for 

2 

the  ratio  of  ls-3p  to  Is  -1s5p  lines.  The  ls-3p  line  can  be  optically 
thin  in  Al.  An  agreement  in  temperature  estimated  from  the  two  sets  of 
line  ratios  provides  reassurance  of  the  consistency  of  the  data  pro- 
cessing and  model  predictions.  A uniformly  decreasing  free-to-bound 
H-like  continuum  is  seen  between  6 and  4 1.  in  the  spectrum.  A plasma 
temperature  of  350  eV  is  obtained  for  this  spectrum.  Line  ratios  and 

temperature  estimates  from  various  models  are  listed  in  Table  I.  The 

20  3 

density  value  of  1 x 10  el/cm  was  obtained  from  the  ratio  of  the  He- 
like  resonance-to-intercombination  line.  The  higher  Rydberg  transitions 
in  H-like  ls-i+p  to  the  ls-9p  lines  were  observed  in  the  high  dispersion 
spectrum  for  shot  BL1 . 

The  spectral  intensities  for  the  Al  shot  PI1  from  PITH0N  are  shown 
in  Fig.  2 both  in  first  and  high  dispersion.  The  entire  H-  and  He-like 
spectra  were  recorded  in  the  first  order  spectrum.  The  density  from  the 
^P/^P  ratio  was  7 * 10^  el/cm^.  The  higher  Rydberg  transitions  were 
obtained  with  high  dispersion  from  the  (013)  plane  in  KAP.  The  resolution 
achieved  is  comparable  to  that  obtainable  with  a PET  crystal  (2d  = 8.726  1) . 
In  both  the  He-like  and  H-like  series,  transitions  to  the  9P  level  are  the 

-1^- 
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last  distinct  high  Rydberg  transition.  A density  estimate  of  3 x Kj 

el/cm^  is  obtained  from  the  series  merging  technique  (9).  The  H-like 

2 

ls-3p  and  He-like  Is  -ls5p  lines  were  distinct  in  the  high  dispersion 

spectrum  and  a temperature  value  of  750  eV  was  obtained  as  a thin  temper- 

2 

ature  estimate.  This  is  the  same  as  was  obtained  from  the  ls-3p/ls  -ls5p 
ratio  in  the  Maxwell  shot.  A sequence  of  A1  shots  was  taken  on  PITHON 
on  six  wire  arrays  with  increasing  input  power.  The  spectral  results 

are  seen  in  Fig.  3*  The  first  order  spectrum  for  shot  PI2  recorded  the 

20 

entire  set  of  spectral  lines.  The  density  was  determined  to  be  1 x 10 

el/cm^  from  the  ^P/^P  ratio.  This  shot  formed  a cooler  implosion  than 

2 

PI1.  In  shot  PI3  the  He-like  Is  -ls2p  resonance  lines  were  not  recorded 
and  in  shot  PI^  both  the  H-like  and  He-like  resonance  lines  were  missing. 
This  cut  off  of  the  longer  wavelength  lines  can  be  caused  by  a slight 
rotation  of  the  spectrograph  relative  to  the  sources.  In  this  series  of 
shots  the  absence  of  the  second-order  spectra  is  caused  by  a spectrograph 
rotation.  A somewhat  larger  entrance  aperture  for  the  KAP  spectrograph 
would  be  beneficial  in  lessening  the  chances  of  spectral  cutoff.  The 

higher  Rydberg  transitions  were  fully  recorded  in  these  spectra  and  the 

2 

ratio  of  the  ls-3p/ls  -1s5p  lines  gave  an  indicated  doubling  of  plasma 
temperature  in  the  series.  As  the  plasma  temperature  increased,  the 
magnitude  of  the  H-like  free-bound  continuum  is  seen  to  be  enhanced  re- 
lative to  the  spectral  lines.  Also,  one  can  infer  from  the  shape  of  the 
free-bound  continuum  in  shot  PI4-  that  the  peak  energy  of  the  free  elec- 
trons has  increased. 


5- 


A shot  PI5  from  a 12-wire  array  produced  an  A1  spectrum  similar  to 
shot  PIJ.  The  slight  differences  in  spectral  line  ratios  and  continuum  | 

slopes  for  shots  PI5  and  PI3  are  reflected  in  the  temperature  estimates  I 

in  Table  I.  Pinhole  images  of  the  plasma  implosion  were  recorded  through 

* | 

a 100  11m  aperture  on  Kodak  type  AA  film  on  shot  PI5.  The  first  film  re- 
corded the  x-ray  emission  mainly  above  1 keV.  An  over-exposure  occurred 

/ 

on  the  first  film;  however,  a second  film  recorded  a readable  image 
with  the  first  film  serving  as  a transmission  filter.  The  pinhole  image 
for  x-ray  continuum  radiation  above  3 keV  was  recorded  in  the  pinhole 
image  shown  in  the  upper  portion  of  Fig.  k.  Two-dimension  density  con- 
tours of  the  pinhole  image  at  two  magnifications  are  shown.  The  contour 
step  was  set  at  0.2  density  units.  Most  striking  are  the  intense  regions 
of  x-ray  emission  along  the  implosion.  All  the  spectra  in  this  report 
were  collected  without  spatial  resolution.  It  is  probable  that  in  the 
case  of  A1  the  recorded  spectra  were  emitted  from  a few  localized  regions 
of  about  500  y,m  in  size,  with  cores  of  s 100  ^m.  Unfortunately  pinhole 
images  were  not  available  for  the  other  A1  spectra  shown  in  this  report 
except  for  shot  PI2  shown  in  Fig.  5.  The  emission  from  this  image  also 
appears  to  be  localized  into  small  spots.  Some  of  the  more  intense 
regions  appeared  split  into  several  spots  instead  of  localized  spherical 
shapes  seen  in  shot  PI5. 

B.  Glass  Wire  Array 

A six-wire  array  of  glass  fibers  was  exploded  in  PITH0N  yielding 
an  x-ray  spectrum  of  Si  shown  in  Fig.  6.  Superimposed  on  the  spectrum  v 

were  A1  lines.  The  origin  of  the  A1  ions  is  presumed  to  arise  from  the 
A1  anode.  The  cathode  housing  was  brass  in  this  experiment  and  aluminum 
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is  not  commonly  found  in  glass  at  the  percent  level.  The  temperature 
determined  from  the  ratio  of  the  Si  XIV  (ls-2p)/Si  XIII(ls2-ls2p)  lines 
is  65O  eV  based  on  the  coronal  model.  The  same  line  ratio  for  the  A1 
lines  in  this  plasma  yield  the  same  650  eV  (thin)  temperature  based  on 
the  transport  model  calculations  for  an  electron  density  of  ~ 10a° 

This  is  the  density  determined  from  the  ^P/^P  ratio  in  Si  XIII.  The 
free-bound  continuum  was  too  low  for  a recombination  temperature  deter- 
mination in  the  Si  spectrum.  The  glass  shot  Pl6  was  fired  at  about  the 
same  mass  loading  and  input  power  as  the  A1  shot  PI1  which  yielded  a 
higher  A1  plasma  temperature. 

A second-order  Si  spectrum  was  recorded  with  the  KAP  crystal  on 
this  glass  shot  Pl6.  The  well-dispersed  Si  XIII  resonance  lines  a_e 

shown  in  Fig.  J.  The  ^P/^P  ratio  in  He-like  Si  XIII  gave  the  same 

20  3 

1 x 10  el/cm  density  estimate  as  was  determined  from  the  first-order 
spectrum.  Analysis  of  the  line  intensities  for  the  dielectronic  recom- 
bination lines  j and  k gave  a cool  recombining  plasma  temperature  esti- 
mate of  1+.5  x 10^  K or  about  1+00  eV. 

C.  Ti  Wire  Arrays 

The  Ti  spectra  collected  with  LiF  crystals  for  BLACKJACK  (shot 
BL2)  and  PITHON  (shot  PI7)  are  shown  together  in  Fig.  8.  The  He-like 
lines  are  the  most  dominant  in  each  spectrum.  The  experimental  intensity 
ratio  for  the  H-like  (ls-2p)/  He-like  (ls2-ls2p1P)  lines  is  ~ 3-5  in 
each  spectrum.  The  temperature  estimates  for  the  Ti  spectra  are  2.0  keV 
with  a coronal  model  that  includes  dielectronic  recombination  and  2.1 
keV  for  the  multi-cell  transport  model.  For  an  assumed  plasma  ion  density 
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of  lO1^  cm-^,  the  4-. 7 keV  radiation  for  the  Ti  lines  is  optically  thin 
so  that  the  temperature  determinations  are  not  opacity  affected.  The 
density  of  the  exploded-Ti-wire  plasmas  could  not  be  determined  from  the 

ratio  of  He-like  ^P/^P  because  this  ratio  is  density  sensitive  only  above 

22  .3  20  -3 

10  el/cm  J , However  a density  estimate  of  6 x 10  el/cm  J was  obtained 

2 

from  the  series  limit  from  the  observation  of  the  Is  -Is7p  line  being  the 
last  distinct  line  before  series  merging  in  shot  BL2.  The  difference 
in  the  spectra  in  regard  to  plasma  temperatures  was  the  evidence  of  Ne- 
like  lines  seen  in  the  PITHON  shot  indicating  cool  plasma  formation 
(temperature  <150  eV)  that  was  not  seen  in  the  BLACKJACK  k shot  BL2. 

D.  Stainless  Steel  Array 

The  spectrum  collected  with  the  LiF  crystal  for  shot  BL3  from 
BLACKJACK  k is  shown  in  Fig.  9*  The  most  abundant  ionization  stage  is 
Li-like  in  both  the  Cr  and  Fe  spectrum.  The  H-like  Fe  XXVI  line  is  just 
visible  at  ~ 1.8  JL.  The  Fe  radiation  is  optically  thin  in  exploded-wire 
plasmas.  A coronal  temperature  estimate  of  1.5  keV  is  obtained  for  the 
Fe  spectrum.  There  is  also  evidence  (Fe  XIV-XVII  lines)  for  cool  plasma 
formation  with  a coronal  temperature  of  150  eV. 

The  long  wavelength  stainless  steel  spectrum  collected  with  the  KAP 
crystal  is  shown  in  Fig.  10.  The  most  distinct  Fe  lines  belong  to 
Li-like  Fe  XXIV  and  are  identified  in  the  figure  together  with  lines  from 
Li-like  Cr  XXII.  An  A1  spectrum  was  recorded  in  this  shot.  A1  ions 
could  be  introduced  into  the  plasma  from  either  the  anode  or  cathode  in 

the  BLACKJACK  k generator.  The  plasma  temperature  determined  from  the 

2 

A1  line  ratio  for  the  ls-2p/ls  -ls2p  was  0.80  keV. 
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E.  Mo  Wire  Array 


The  first-order  KAP  spectrum  of  an  exploded-Mo-wire  array  shot 
PI8  in  PITHON  is  shown  in  Fig.  11.  The  most  intense  and  distinct  lines 
in  the  spectrum  arise  from  Ne-like  Mo  XXXIII.  The  position  of  the  lines 
in  Mo  XXXIII  and  in  F-like  Mo  XXX,IV  are  indicated  below  the  spectrum. 

The  height  of  the  line  positions  indicate  the  theoretical  oscillator 
strengths.  A detailed  spectroscopic  analysis  of  the  complex  exploded- 
Mo-wire  spectra  from  both  single  and  multi-wires  has  been  recently  com- 
pleted (10).  The  region  of  the  spectrum  between  5.0  and  5.5  A contain 
Na-like  2p-3s  satellite  lines  as  shown  in  Fig.  12.  An  analysis  of  the 
satellite-to-resonance  line  ratio  predicts  a temperature  range  of 
2. 5-3  keV,  based  on  coronal  calculations  at  low  plasma  densities  (11). 
The  ratio  of  the  F-like  to  Ne-like  spectral  patterns  indicate  a coronal 
temperature  of  about  k keV  for  the  exploded-Mo-spectrum.  Transitions  to 
high  Rydberg  levels  in  Mo  were  examined  in  the  spectrum  recorded  with  a 
graphite  crystal.  Distinct  lines  to  the  7p  level  were  observed  in 
Mo  XXXIII.  An  electron  density  estimate  of  10  el/cm  was  obtained 
using  line  broadening  theory  incorporated  in  the  average  atom  model  (12) 

F.  W Wire  Arrays 

W spectra  were  not  obtained  with  the  KAP  spectrographs  from 
either  generator  and  therefore  a temperature  for  the  W thermal  plasma 
could  not  be  determined.  The  W thermal  spectrum  for  single  wires  ex- 
ploded in  Gamble  II  were  stripped  into  the  M shell  and  intense 
lines  in  U* 6 were  observed  (13).  W spectra  collected  with  LiF  crystals 
in  both  generators  were  similar  to  that  reported  for  single-W-wires  (13) 

The  spectra  were  the  inner  L-shell  spectra  of  W produced  by  energetic 
electrons. 
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IV.  SUMMARY  AND  DISCUSSION 

The  plasma  temperatures  and  density  determined  from  the  interpre- 
tation of  the  exploded-wire  arrays  are  summarized  in  Table  II  for  wires 
A1  through  Mb.  The  most  abundant  ionization  stage  changes  systemati- 
cally from  either  He  or  H in  A1  to  Ne-like  in  Mo.  The  temperatures  for 
the  higher  power  shots  were  roughly  0. 5-0.85  keV  for  Al,  1.5-2  keV  for 
Ti,  Cr,  Fe  and  2.5-4  keV  for  Mo.  Hotter  plasma  temperatures  are  there- 
fore associated  with  the  implosions  from  higher  Z elements.  It  is  not 
clear  why  the  temperature  determined  from  the  Al  and  Fe  spectral  lines 
are  different  for  ions  in  the  same  implosion  (SS  shot  BL3) ; however,  the 
origin  of  the  ions  in  the  plasma  were  different.  In  addition  to  the  hot 
plasma  temperatures,  evidence  of  cooler  plasma  ~ 150  eV  was  found  in 
several  spectra. 

Much  of  the  effort  both  experimentally  and  theoretically  involved  Al 
wire  spectra  in  this  work.  The  experimental  line  ratios  for  the  two  sets 
of  H-like/He-like  lines  for  Al  spectra  from  the  various  P.I.  and  Maxwell 
Laboratory  shots  together  with  temperatures  are  given  in  Table  I.  The 
uncertainties  in  spectral  line  intensities  and  line  ratios  are  estimated 

Q 

to  be  ± 20$.  This  is  the  level  of  agreement  for  the  ls-3p/ls  -ls5p  lines 
between  the  first  and  high  dispersion  spectrum  in  PITHON  shot  PI1 
for  this  line  ratio  in  Al  spectra  collected  through  different  mylar  step 
filters  for  the  BLACKJACK  4 shot  BL1.  Factors  contributing  to  uncer- 
tainties in  spectral  line  intensities  Include  variations  in  the  dif- 
fraction responses  for  the  curved  KAP  crystals  and  exposure  irregu- 
larities due  to  grain  size  structure  using  No-Screen  x-ray  film.  Dif- 
ferences in  obtaining  line  ratios  from  peak  heights  or  from  integrating 
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line  intensities  were  less  than  10$  for  the  KAP  data.  This  agreement 
results  because  the  line  profiles  are  constant  in  the  low  dispersion 
found  in  the  KAP  spectral  data  for  Al.  Temperatures  can  be  compared 
between  those  determined  from  the  two  sets  of  line  ratios.  For  the 
PITHON  shot  PI1  and  the  BLACKJACK  4 shot  BL1  the  agreement  between  sets 
is  within  15$  for  the  thick  and  thin  calculations,  but  agreement  was  not 

found  for  the  PITHON  shot  PI2.  For  the  three  shots  in  which  the 

2 

ls-2p/ls  -ls2p  ratios  were  available,  the  coronal  temperature  estimate 
is  about  midway  between  the  thick  and  thin  temperatures.  If  the  x-ray 
spectral  emission  recorded  for  Al  plasmas  arises  from  a uniform  plasma 
volume  at  10  el/cm  for  a 0.1  cm  diameter,  then  the  actual  Al  plasma 
would  have  a temperature  corresponding  to  the  thick  case.  If  the  emission 
in  the  Al  plasma  is  recorded  predominately  from  intense  emitting  regions 
only  500  p,m  in  size  as  suggested  by  the  pinhole  image  contours,  then  the 
temperatures  estimated  for  thin  plasma  would  be  appropriate.  A 
better  understanding  of  the  origin  of  the  Al  spectral  emission  in  plasma 
implosions  requires  spatial  spectral  data  correlated  with  pinhole  images. 
The  temperatures  obtained  from  the  slopes  of  free-bound  hydrogenic  con- 
tinuum are  close  to  the  values  the  transport  model  predicts  for  thick 

plasma  cases.  The  two  methods  used  for  density  determinations  in  Al 

19  20  3 

plasmas  have  yielded  results  between  7 x 10  to  3 x 10  el/cm  for 

some  average  value  of  density  correspondin  to  intense  emitting  regions 

20  3 

of  the  plasma  implosion.  An  electron  density  of  ~ 1 x 10  el/cm  is 
consistent  with  densities  found  in  the  higher  Z-wire  implosions  and  is 
lower  than  the  10  el/cm  densities  for  single  exp loded-Al -wire  plasmas 
determined  by  the  same  spectral  techniques.  If  the  density  for  the  Al 
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21  3 

implosion  were  an  order  of  magnitude  higher  at  10  el  cm  , the  temper- 
ature determination  from  the  ratio  of  the  ls-2p  resonance  lines  would 

be  lowered  to  V75  eV  and  the  plasma  would  be  thick  even  for  500  y,m  spots. 

2 

The  Is  -ls5p  line  is  affected  by  opacity  to  a greater  degree  than  the 

ls-3p  line  and  the  temperatures  determined  by  the  two  sets  of  line 

ratios  would  have  a greater  disagreement  than  found  in  Table  I.  The 

temperature  determined  by  the  line  ratio  ls-3p/ls  -ls5P  would  become 

21  3 

350  eV  at  densities  of  10  el/cnr  . The  consistency  of  the  plasma 

f 

temperature  and  density  determinations  from  within  each  spectrum  and 
between  elements  (sometimes  within  the  same  shot  but  from  different 
spectral  planes)  appears  at  an  adequate  confidence  level  for  the  spa- 
tially and  temporally  integrated  data  in  this  study.  The  plasma  temper- 
atures determined  from  the  Al  spectra  indicate  that  increased  input  power 
produced  increased  plasma  heating  (PITH0N  shots  PI2-PI1*-) . At  constant 
input  power  levels,  higher  Al-plasma  temperatures  have  resulted  from 
lower  wire  mass  loading.  For  two  shots  PI5  and  PI3,  very  similar  Al 
spectra  resulted  when  six  and  twelve  wire  arrays  were  fired  while  main- 
taining constant  input  power  and  mass  loading.  Also  large  shot-to-shot 
variations  have  not  been  observed  in  Al  implosion  spectra.  Recent  Al 
wire  array  data  collected  on  BLACKJACK  k have  shown  the  expected  ls-2p 
resonance  lines,  thus  substantiating  their  absence  in  the  high  input 
power  shots  from  PITH0N  as  being  an  experimental  cutoff. 

The  results  and  questions  that  arise  in  the  interpretation  of  the 
spectral  data  Indicate  need  for  upgrading  the  collection  of  the  x-ray 
data.  The  greatest  uncertainty  regarding  the  plasma  temperature  and  den- 
sity estimates  and  the  adequacy  of  the  plasma  transport  model  is  the 
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spatial  origin  for  tha  racordad  spectral  data.  The  most  important  next 
step  is  to  collect  spectra  with  spatial  resolution  together  with  simu- 
ltaneous pinhole  data  through  differential  filters.  The  need  for  use  of 
higher  dispersive  x-ray  crystals  such  as  PET  or  quartz  is  apparent  from 
the  well-resolved  lines  that  were  occasionally  collected  in  higher  order 
KAP  data.  Higher  dispersion  combined  with  spatial  resolution  will  pro- 
vide better  diagnostics  and  better  pictures  of  the  plasma  formation  to 
improve  the  theoretical  modeling  and  thereby  refine  the  temperature 
estimates.  The  use  of  high-dispersive  crystals  also  allows  sufficient 
spatial  separation  of  the  He-  and  H-like  resonance  lines  in  A1  and  Ti 
that  PIN  or  XRD  active  detectors  instead  of  film  can  be  placed  behind 
the  diffracting  crystals  to  obtain  temporal  information  concerning  the 
formation  of  these  ions  in  the  plasma  implosion. 
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Table  II  — Summary  of  Exploded -Wire  Results 


WIRES 

MOST  ABUNDANT 

IONIZATION  STAGE 

TEMP. 

T 

e 

MODEL 

DENSITY 

Ne 

A1 

He  or  H 

500-750 

transport 

1 x 1020 

700 

coronal 

500 

f-b  continuum 

Si02 

He 

650 

coronal 

1 x 1020 

400 

recombining  plasma 

Ti 

Li  or  He 

2.1 

transport 

6 x 1020 

2.0 

coronal 

Cr  ,Fe 

Li 

1.5 

satellite  lines 

Mo 

Ne  or  F 

2.5-4 

coronal 

* 1 x 1020 

16 
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MULTI -WIRE  ls2-ls2p'P 

A I ARRAY  | 

MAXWELL  LABORATORIES 


Aim 

ls-2p 


TRANSPORT 
CODE  TEMP. 
750  eV 


Is2 -Is2p  3P 


ELECTRON  DENSITY  A|TTr  i 

„,020e,W  A|M  p™p  |t 

a-LujL-.  I . 


WAVELENGTH 

ENERGY  ( keV ) , 

3.0  2.0  1.5 

Fig.  1 - X-ray  spectral  emission  of  an  exp loded-Al -wire  array 
(shot  BLl)  from  BLACKJACK  4.  Spectral  intensities  were  obtained 
by  processing  the  digitalized  film  densities  for  filter  absorption, 
No-Screen  film  sensitivity  and  KAP  curved-crystal  response. 
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ELECTRON  DENSITY 
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ft 
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5.0 
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I 

7.0 
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AI2III(H-like) 
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• ELECTRON  TEMP. 
750  eV 


ELECTRON  DENSITY 
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n 
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WAVELENGTH (&) 
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Fig.  2 - Al  spectra  intensities  for  PITHON  shot  PIl.  The  upper  trace 
shows  the  entire  first  order  Al  spectrum  while  the  bottom  trace  was 
diffracted  from  the  (013)  plane  in  KAP. 
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Fig.  3 


MULTI- WIRE 
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PHYSICS  INTERNATIONAL 
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TRANSPORT 
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- First-order  Al  spectral  intensities  for  PITHON  shots  PI2  (top), 
P13,  and  PI4  (bottom)  acquired  from  six-wire  arrays. 


j 


19 


EXPLODED-ALUMINUM-WIRE  ARRAY 


PINHOLE  IMAGE 


hv  >3keV 


DENSITY  CONTOURS 


/ V.  % ~ ■- 

. T ■ w"  v-  , " ' > - 


CORE^>4  ...  * 

< IOO  <x  £**,  ^ ■'***'  - 


.500 ^.m 


INTERSECTION  < 100  Mm 

Fig.  4 - Pinhole  Image  and  densitometer  contours  of  the  image  of  a 
12-wire  Al  shot  PI5  on  PITHON.  Image  was  acquired  through  a 100  /im 
pinhole.  Each  contour  steps  were  set  at  intervals  of  0.2  density 
units.  The  x-ray  image  was  acquired  on  the  second  Fine  Grain  Posi- 
tive film.  The  plasma-implosion  length  was  3 cm. 
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PINHOLE  IMAGE 


DENSITY  CONTOUR 


Fig.  5 - Pinhole  image  and  contours  for  PITHON  shot  PI2.  The  image 
was  collected  through  an  Al  and  mylar  filter  with  a 50pim  pinhole. 
The  plasma-implosion  length  was  3 cm. 
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MULTI -WIRE 
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Fig.  6. 


- X-ray  spectral  emission  from  a glass 
wire  array  shot  PI6  on  PITHON. 
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WAVELENGTH, A 

Fig.  7 - High  dispersion  KAP  spectrum  of  the  PITHON  shot  PI6  showing 
the  He-like  resonance  lines  in  Si  XIII.  The  satellites  k,  j formed 
mainly  by  dielectronic  recombination  are  used  for  the  temperature 
determination  following  the  work  in  reference  5. 


Ti  XXl  (He  -like) 
Is2  - Is2p 


3 1.70  1.90  2.10  2.3< 
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Fig.  9 - Fe  and  Cr  K spectra- acquired  with  the  LiF  crystal  from 
shot  BL3  on  BLACKJACK  L. 
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Fig.  10  - Stainless  steel  spectrum  collected  with  the 
KAP  crystal  shot  BL3  on  BLACKJACK  4. 
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Fig.  12  - Calculated  2 p-Js  satellite  transitions  near  5 l. 
compared  with  the  multi-sire  spectrum. 


X-RAY  SPECTRA  FROM  GAS-PUFF  EXPERIMENTS  AT  PI* 


I.  INTRODUCTION 

X-ray  images  and  spectra  from  the  gas-puff  experiments  conducted  in 
the  PITHON  generator  were  examined  and  selected  spectral  films  processed 
for  data  interpretation.  Spectra  from  the  inert  gases  Ne,  Ar,  Kr,  and 
Xe  were  collected  in  the  1-5  keV  region  with  convex,  curved-crystal 
spectrographs  using  KAP,  mica,  and  graphite  diffraction  crystals.  Plasma 
temperatures  in  Ar  data  were  obtained  from  spectral  line  ratios  using  a 
collisional-radiative  equilibrium  model.  Plasma  sizes  have  been  obtained 
from  densitometering  various  Ar  and  Kr  pinhole  images.  The  plasma  temper- 
ature in  Kr  was  estimated  from  the  spectral  distribution  of  ionization 
stages  using  the  coronal  model.  The  spectTal  patterns  from  Ne  and  Xe 
gas-puff  shots  indicated  mixtures  with  other  inert  gases;  and  therefore, 
the  interpretation  for  these  two  gases  is  preliminary. 

II.  EXPERIMENTAL 

Pinhole  images  and  spectra  were  collected  from  Ar-puff  shots  in 
series  887-890  in  PITHON  at  low-to-medium  power  levels.  Pinhole  Images 
of  Ar  plasmas  were  collected  with  25,  50,  and  100  jj,m  apertures.  Fig,  1 
shows  the  images  for  shots  889  and  8QJ.  Linear  scans  were  made  across 
the  images  with  a Joyce  Loebl  densitometer  to  determine  the  width  of  the 
plasma  implosions.  The  implosion  columns  observed  with  the  100-u.m  pinhole 
appear  to  be  somewhat  uniform  in  emission  between  the  electrodes,  and  in 

* This  section  was  co-authored  with  D.  J.  Nagel  and  R.  Schneider. 
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shot  889  the  emission  extended  to  the  10-mil  anode  wire  on  the  right  side 
of  the  image.  The  images  collected  thru  the  smaller  pinhole  revealed 
regions  of  intense  emission  and  a non-uniform  plasma  implosion.  Fig.  2 
shows  tiro- dimensional  densitometer  contours  of  the  100  um  and  a portion 
of  the  50-iin>  pinhole  images  for  shot  889.  These  contours  define  the  in- 
tense regions  of  emissions  to  be  about  100 to  250  y,m  in  diameter.  The 
width  of  the  plasma  implosion  column  varied  between  500  and  1500  microns . 

Another  series  of  Ar  puff-gas  data  was  taken  at  higher  input-power 
levels  in  shots  from  930  to  956.  Several  pinhole  images  were  examined 
in  this  series.  The  images  were  characterized  by  a higher  emission  inten- 
sity within  the  nearly  collinesr  plasma  column.  The  image  for  shot  9^0 
(collected  with  a 50-un  aperture)  is  shown  in  Fig.  3.  The  pinhole  image 
revealed  a thin  column  of  x-ray  emission  that  more  completely  filled  the 
inter-  electrode  spacing  than  in  the  previously  shown  images  thru  a 50  y,m 
pinhole  aperture.  The  diameter  of  the  implosion  column  varied  from  1500  p,m 
on  the  cathode  side  to  500  y,m  near  the  anode  wire.  Therefore,  the  plasma 
size  remained  invariant  with  power  input  and  the  plasma  column  became 
somewhat  more  continuous  in  x-ray  emission  as  the  input  power  increased. 

The  Ar  spectral  data  in  the  shots  887  to  890  were  collected  with  a 
curved-graphite  crystal  in  the  3-5  keV  region.  The  Ar  spectra  shown  in 
Fig.  k for  shot  889  were  collected  on  Kodak  No-Screen  film.  The  spectral 
scans  were  made  with  a digital  Grant  densitometer.  The  spectrum  on  this 
shot  was  collected  thru  a 1/8-inch  slit  to  provide  spatial  Information. 

The  slit  was  positioned  perpendicular  to  the  implosion  column.  The  upper 

spectrum  was  scanned  nearest  the  cathode  side  of  the  spectral  line  pattern. 

2 1 

The  Ha-like  resonance  line  Is  -ls2p  P and  the  intercombination  line 
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Is  -ls2p  JP  near  k k were  over-exposed  on  this  spectrum  while  they  are 
observable  on  the  lower  spectrum.  The  lower  spectrum  was  collected  from 
near  the  anode  thru  a 12.5-p.m  A1  filter. 

III.  RESULTS-ARGON 

Plasma  temperatures  and  densities  were  determined  from  line  ratios 

of  closely-spaced  lines  in  the  Ar  spectra.  Line  ratios  as  a function  of 

2 

electron  temperature  were  calculated  for  the  He-like  Is  -ls5p  line  and 
the  H-like  ls-3p  line.  These  lines  are  adjacent  and  closely  spaced  with 

x-ray  energies  at  ~ k keV.  Both  are  identified  in  the  upper  spectrum  in 

2 

Fig.  k.  In  that  spectrum  (cathode  side),  the  ls-3p/ls  -ls5p  ratio  was 
1.15  while  it  was  only  0.5  in  the  lower  spectrum  (anode  side).  This  in- 
dicates a hotter  plasma  on  the  cathode  side.  The  intensity  ratio  calcu- 
lations were  made  with  a collisional -radiative  equilibrium  transport  model 

(C.R.E.)  for  plasma  volumes  of  50,  100,  and  250  y,m  in  diameter  at  an  ion 
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density  of  1 x 10  cm  . The  hotter  spectrum  formed  near  the  cathode  had 
a C.R.E.  temperature  between  1.1  and  1.3  keV  for  implosion  sizes  of  from 
250  to  100  y,m  respectively.  The  spectrum  from  near  the  anode  had  a 
plasma  temperature  between  0.9  and  1.05  keV  for  the  same  250  to  100  p,m 
plasma  size  variation.  Temperature  higher  by  I50  to  200  eV  would  be 
derived  if  calculations  for  50  y,m  spots  were  used  with  the  measured  ratios. 

For  these  lines  in  Ar,  the  opacity  corrections  are  small.  The  ls-3p  line 

2 

is  thin  and  the  optical  depth  is  only  ~ 1-2  for  the  Is  -ls5p  line.  The 
density  of  the  plasma  was  estimated  from  the  to  '‘p  line  ratio  of  the 
He-like  resonance  and  intercombination  lines.  These  lines  are  adjacent 
in  wavelengths  with  values  near  ^ k»  As  shown  in  Fig.  1+,  they  are  over- 
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exposed  in  the  cathode-side  data  but  useable  in  the  anode-side  spectrum. 

21  -3 

An  electron  density  of  2 x 10  cm  was  found  for  the  plasma  near  the 
anode  side. 

An  Ar  spectrum  collected  without  spatial  resolution  and  recorded  with 

the  less  sensitive  Type-T  x-ray  film  is  shown  in  Fig.  5 for  shot  890. 

2 

The  ls-3p  and  Is  -Is5p  lines  have  about  equal  intensities,  implying  a 

plasma  temperature  range  of  1.0  to  1.2  keV  based  on  the  C.R.E.  model. 

13  21 

The  P to  P line  ratio  again  yields  a plasma  density  of  ^ 2 x 10 

el/cm^. 

Ar  spectra  collected  in  second-and  third-order  diffraction  with  a 
mica  crystal  (supplied  by  NRL)  are  shown  in  Fig.  6 for  a high-input-power 

p 1 

shot  Because  of  the  high  emission  level,  the  He-like  Is  -ls2p  P 

resonance  line  was  overexposed  in  third  order;  however,  the  ^P  to  ^P  line 
ratio  could  be  determined  in  the  second-order  spectrum  yielding  a plasma 
density  of  7 x 102°  el/cm^.  The  Ar  XVIII  to  Ar  XVII  line  ratio  in  the 
third-order  spectrum  corresponded  to  a plasma  temperature  of  1.3  to  1.^5 
keV  for  shot  9^4. 

IV.  KRYPTON-EXPERIMENT  AND  RESULTS 

Pinhole  images  from  Kr  shots  revealed  plasma  implosion  and  energetic 
x-ray  emission.  Fig.  7 shows  the  plasma  images  for  shot  968.  The  top 
image  was  collected  on  the  front  film  (Kodak  Fine-Grain  Positive)  while 
the  second  film  (Kodak  type-T)  was  placed  behind  the  first  film.  The 
front  film  served  as  a thick  filter  and  transmitted  x-rays  with  energies 
>3.6  keV.  Since  the  Kr  spectrum  from  the  thermal  plasma  has  energies 
< 3 keV  the  faint  broad  plasma  column  in  the  second  film  image  arises 


from  inner-shell  emission  (K  lines)  from  the  Kr  plasma.  Also  it  is  seen 
that  the  anode  wire  is  a source  of  energetic  x-rays.  The  broad  plasma 
column  (~4000y,m  wide)  extends  across  the  inter-electrode  spacing  viewed 
by  the  pinhole  camera.  The  implosion  column  of  thermal  x-rays  viewed  in 
the  front  film  is  somewhat  more  irregular  in  Kr  than  for  Ar.  The  Kr  hot 
plasma  column  has  a diameter  of  150Q|j,m  and  extends  only  part  way  in  the 
inter-electrode  spacing  in  this  shot. 

The  puff-gas  experiment  is  capable  of  producing  highly- ionized  Kr 
spectra.  Fig.  8 shows  the  Kr  spectrum  from  the  high- input  power  shot 
968  collected  with  the  mica-crystal  spectrograph.  The  Kr  L-series  spectrum 
is  dominated  by  transitions  in  Ne-like  Kr  XXVII.  Weak  Na-like  satellite 
transitions  can  be  observed  on  the  long-wave length  side  of  the  2p-3s 
transitions  at  ~ J.k-  and  ~ 7.6  i.  The  spectral  region  between  ~ 6.0  and 
6.6  A contains  F-like  transitions  in  Kr  XXVIII  together  with  the  two 
2s-3p  transitions  in  Kr  XXVII.  The  observed  distribution  of  ionization 
stages  yields  a plasma  temperature  of  1.5  keV  based  on  the  coronal  model. 

In  the  preceeding  shot  967  a 50$  Ar-50^  Kr  gas  mixture  was  excited.  The 
Kr  and  Ar  lines  were  intense  in  this  shot  because  No-Screen  film  was  used 
instead  of  type  T,  and  therefore  more  of  the  weaker  line  structure  was 
visible.  However,  the  distribution  of  ionization  stages  in  Kr  was  the 

same  as  in  shot  968.  The  temperature  for  the  Ar  plasma  in  shot  967  was 

2 

1.0-1. 2 keV  based  on  the  ls-3p/ls  -ls5p  line  ratio  and  C.R.E.  calculations. 

V.  XENON  AND  NEON- EXPERIMENTAL  AND  RESULTS 

The  spectral  data  and  interpretations  for  Xe  and  Ne  are  preliminary 
in  nature  and  more  work  is  necessary  to  complete  the  spectral  analysis 
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for  these  gases.  Shots  using  Xe  gas  were  found  to  produce  weak  spectra 
of  either  Ar  or  Kr  gas.  A faint  Kr  spectrum  and  an  unknown  spectral 
pattern  was  recorded  for  shot  981.  By  comparing  spectra  from  different 
shots,  the  first-order  2p-3d,  3s  lines  and  the  second-order  2p-W,  5d, 

6d  lines  in  Kr  XXVII  were  identified.  Since  a highly- ionized  Xe  spectrum 
is  unknown  and  little  spectroscopy  work  is  available  for  this  portion 
of  the  periodic  table,  pattern  recognition  for  Xe  was  not  possible.  In 
order  to  interpret  the  Xe  spectra,  wave-lengths  for  transitions  in  likely- 
ionization  stages  (those  near  closed-shells)  such  as  Ar-like  ions  were 
performed  with  a relativistic  Hartree-Fock  program.  The  calculated  wave- 
lengths for  Ar-like  Xe  XXXVII  and  Al-like  Xe  XLII  agreed  with  the  faint 
line  structure  in  shot  98I  shown  in  Fig.  9.  Even  though  additional  lines 
in  the  pattern  remain  unknown,  ionization  stages  including  those  identi- 
fied above  occurred  in  this  gas  puff  shot.  The  plasma  temperature  to 
generate  these  ionization  stages  in  Xe  is  2-2.3  keV  based  on  the  coronal 
model . 

The  spectra  examined  from  the  Ne-gas-puff  shots  were  found  to  be 
lacking  in  completeness.  A densitometer  trace  of  a faintly-recorded 
Ne-spectrum  is  shown  in  Fig.  10.  The  He  and  H resonance  lines  are  distinct 
in  this  spectrum.  Model  calculations  for  Ne  plasmas  are  currently  under- 
way. In  other  shots  (976-978)  the  higher  Rydberg  transitions  and  their 
satellites  were  visible.  The  patterns  were  complex  and  exhibited  shot-to- 
shot  variation.  There  is  some  suggestion  for  possible  line  splitting  but 
this  will  require  further  study. 
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VI.  DISCUSSION 


The  plasma  temperatures  and  densities  in  the  gas-puff  data  are  com-  \ 

j 

parable  to  those  found  in  exploded  wires.  For  Ar  plasmas  in  the  puff  | 

data  the  C.R.E.  model  gave  temperatures  generally  between  1.0  and  l.lj.  keV. 

The  distribution  of  ionization  stages  in  Ar  yields  a coronal  temperature 
of  ~ 1 keV.  This  plasma  temperature  is  comparable  to  the  1.1  keV  coronal 
temperature  found  in  exploded-wire  data  for  Cl.  The  distribution  of  ioni- 
zation stages  found  in  Kr  indicates  a higher  coronal  plasma  temperature 
(1.5  keV)  than  was  found  for  the  Ar  puff-gas  plasmas.  This  is  consistent 
with  exploded-wire  data  in  which  the  plasma  temperature  increases  as  a 
function  of  atomic  number  with  exploded-iron  wire  plasmas  having  a temper- 
atures of  1 .24-  keV.  The  He-like  line  ratios  gave  a plasma  density  of 
~ 2 x lO^1  el/cvP , It  was  observed  that  the  higher  Rydberg  transitions 

p 

were  distinct  to  the  ls-8p  line  in  Ar  XVIII  and  Is  -ls8p  in  Ar  XVII,  which 

yields  the  same  density  value  by  the  series  merging  technique.  This 

21  3 

density  (of  2 x 10  el/cm  ) is  about  the  same  as  found  in  exploded 
single-wires  in  which  high-density  spots  are  formed  by  the  z-pinch 
mechanism.  The  100  to  250  p,m  diameter  regions  of  intense  x-ray  emission, 

observed  in  the  Ar  plasma  images,  are  of  comparable  size  to  the  pinches 

in  exploded  wires. 

Several  combinations  of  x-ray  films  and  diffraction  crystals,  both 
with  different  sensitivities,  were  employed  in  recording  the  speqtra. 

Variations  in  x-ray  emission  from  the  plasma  implosions  from  different 
spectral  wavelengths  require  unique  spectrograph  combinations  in 
order  to  cover  the  wide  range  of  atomic  numbers  for  the  inert  gases. 

The  high  x-ray  intensity  from  Ar  gas  implosions  and  the  high 
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diffract  ion  efficiency  of  the  graphite  crystal  required  thick  absorber 
foils  to  avoid  overexposure.  This  complicates  the  data  reduction  to 
obtain  accurate  line  intensities.  Kodak  type-T  film  has  a smaller  grain 
size  than  No-Screen  film  and  was  known  to  be  about  15  times  less  sensi- 
tive than  No-Screen  film  at  high  x-ray  energies  (>  8 keV) . This  is  about 
the  best  level  of  exposure  reduction  in  order  to  record  readable  Ar  and 
Kr  spectra.  The  spectral  intensities  shown  in  this  report  were  obtained 
using  the  relative  film  response  for  No-Screen  film.  Subsequent  to 
processing  the  spectral  data;  Dennis  Brown  at  NKL  calculated  the  H and 
D film  response  for  type  T film  for  x-ray  energies  down  to  a few  keV. 

The  calculated  response  for  type-T  film  was  found  not  to  be  significantly 
different  from  the  measured  response  function  of  No-Screen  film  in  the 
3-4  keV  region.  The  line  ratios  for  the  closely-spaced  lines  used  for 
the  temperature  and  density  determination  are  largely  unaffected  by 
uncertainties  in  the  film  and  crystal  responses  and  in  absorption  coeffi- 
cients for  the  filters.  However,  the  Ar  spectra  will  be  reprocessed  to 
obtain  the  complete  spectral  intensities  using  the  available  calculated 
response  function  for  type-T  film. 

The  use  of  a curved-mica  crystal  was  beneficial  for  recording  Ar 
spectra  because  of  its  lower  efficiency  as  compared  to  graphite  or  KAP 
and  because  the  third-order  diffraction  plane  gives  good  spectral  resolu- 
tion. Actually  the  2d-spacing  for  third-order  mica  is  nearly  the  same  as 
for  graphite,  but  the  line  widths  are  narrower  for  mica  because  of  the 
mosaic  structure  of  graphite  crystals.  The  curved-mica  diffracting 
crystal  plus  type-T  film  combine  to  allow  collection  of  readable  Ar  data. 

Most  of  the  second-  and  third-order  Ar  spectral  lines  are  resolved  and  at 
a proper  exposure  level. 
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More  intense  and  complete  spectral  patterns  for  Xe  and  Ne  are  needed. 
Spectra  for  both  elements  occur  in  the  9“18  A wavelengths  region.  To 
obtain  more  intense  spectral  lines,  the  use  of  thinner  light-tight  windows 
and  the  KAP  crystal  are  indicated.  Since  the  features  of  these  spectra 
are  unknown,  shots  with  trace  amounts  of  impurities  with  known  spectral 
wavelengths  are  recommended  to  provide  wavelength  calibration.  The 
Xenon  spectrum  could  be  calibrated  with  a weak  overlapping  Ne  spectrum. 
Also  Ar  spectral  lines  collected  in  third-order  with  the  mica  crystal 
could  serve  to  calibrate  a portion  of  the  Xenon  spectrum. 

Another  area  for  further  study  is  the  collection  of  Ar  puff-gas 
spectra  thru  small  slits  for  spatial  information.  Correlation  of  the 
spatially-resolved  spectra  with  pinhole  images  should  allow  improved 
temperature  estimates  compared  to  the  ranges  presented  in  this  work.  The 
determination  of  possible  variations  of  plasma  temperature  and  density 
along  the  Ar  implosion  would  allow  better  modeling  of  the  gas-puff  plasma 
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Fig.  1 - Pinhole  images  for  Ar  plasmas  shots  889  and  887.  Plasma  columns  are  terminated  by  the 
10-mil  anode  wire  on  the  right  side  of  the  images  and  obscured  by  a housing  that  blocks  the  view 
of  the  plasma  within  3/4-cm  of  the  cathode  on  the  left  side  of  the  image.  The  visible  portion  of 
plasma  is  4.3  cm  in  length  in  shot  889  and  2.1  cm  long  in  shot  887. 
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Fig.  2 - The  images  for  shot  889  are  shown  again  for  the  100  and 
50-  m apertures  together  with  2-D  densitometer  contours.  The  size 
of  the  plasma  column  is  indicated  in  the  more  dense  contour  of 
the  100  nm  image  while  the  localized  intense  emitting  regions 
are  found  in  the  contours  of  the  50  tim  pinhole  images. 
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Fig.  3 - Plasma  images  for  Ar  gas  puff  shot  940  collected  with  a 50  pm  pinhole. 
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- Ar  x-ray  spectrum  for  shot  889. 
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Fig,  7 - Pinhole  images  for  Kr  shot  968 
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Fig.  9 - Xe  and  Kr  spectra  collected  in  shot  981. 


X-RAY  SPECTRA  FROM  A GAS-PUFF  Z-PINCH  DEVICE  * 

I.  INTRODUCTION 

X-ray  emission  has  been  observed  from  high-density  plasma  formation 
produced  by  gas  that  is  puffed  between  the  electrodes  of  a pulsed-dis- 
charge  device. ^ The  gas  is  released  by  a fast  opening  valve  and  enters 
through  the  anode  into  an  electrically-charged  vacuum  spark  system.  The 
plasma  formed  in  the  gas  is  pinched  to  a small  diameter  column  of  about 
100  y,m.  In  addition  to  hot  plasma  x-ray  emission  from  the  discharge 
column,  high  energy  x-rays  200  keV)  have  been  detected.  The  reproduc- 
ibility of  the  source  and  its  ability  to  ionize  elements  in  gases  offers 
a potential  spectroscopic  source.  The  utilization  of  this  device  for 
spectroscopy  of  highly- ionized  atoms  is  demonstrated  in  this  work.  New 
wavelengths  and  spectral  classifications  are  made  in  both  Argon  and 
Krypton  with  ab  initio  atomic  structure  calculations  based  on  Hartree-Fock 

wave  functions.  X-ray  spectra  for  Argon  have  previously  been  produced  in 

(2  3) 

the  dense  plasma  focus  device.  ’ The  spatial  and  spectral  study  of  Ar 
x-ray  emission  in  the  gas-puff  z-pinch  device  provides  insight  into 
imploded-plasma  formation  and  plasma  diagnostics  with  recent  plasma-model 
calculations. 

II.  EXPERIMENTAL 

A small  volume  of  gas  is  puffed  between  the  electrodes  of  a six 
capacitor,  low  inductance  vacuum  spark  device.  A gas  flow  sensor  triggers 

* This  section  was  co-authored  with  J.  Shiloh,  A.  Fisher,  and  R.  D.  Cowan 


-48- 


an  electrode  that  ia  used  to  initiate  the  electrical  discharge.  The  gas 

CM 

is  puffed  from  a fast  opening  valve  through  the  anode.  The  valve 
chamber  is  charged  with  about  20  cm^  of  gas  at  a pressure  of  five  atmo- 
spheres. The  anode  used  in  this  spectral  study  produced  a hollow  cylinder 
of  gas  about  it-  cm  in  diameter  and  a few  mm  thick.  By  adjusting  the  in- 
jector diameter  and  the  pressure  of  the  injected  gas,  the  time  of  the 
plasma  collapse  can  be  set  to  coincide  with  maximum  current  in  the  system 
and  thereby  achieve  efficient  energy  conversion  in  the  discharge.  In 
the  present  study,  a 12  y,F  capacitor  bank  consisting  of  six  cylindrical 
capacitors  in  a circular  array  was  used  at  a charging  potential  of  50  kV. 
The  current  rises  to  300  kA  in  about  1.5  y,s.  An  electrode  spacing  of 
9 mm  was  found  to  be  optimum  for  generating  reproducible  plasma  implosions 
reproducible  in  the  sense  that  intense  pinches  are  formed  in  every  shot 
with  a jitter  in  time  of  10  ns.  The  thermal  plasma  has  a lifetime  of 
~ 20  ns  and  is  generated  about  1 y,s  after  firing  the  discharge. 

An  x-ray  pinhole  camera  and  x-ray  spectrograph  were  used  to  study 
the  gas-puff,  z-pinch  device  and  provide  spectroscopy.  Fig.  1 shows 
schematically  the  x-ray  diagnostic  arrangement.  X-ray  spectra  were 
collected  with  flat-crystal  optics  onto  Kodak  No-Screen  x-ray  film. 

The  spectrograph  was  placed  in  a helium-filled  tube  and  isolated  from  the 
vacuum  discharge  device  by  a 0.0013  cm  Kapton  window.  Aluminized  Kimfol 
was  used  to  provide  a light-tight  cover  over  the  x-ray  film.  The  dif- 
fraction crystals  used  to  collect  x-ray  spectra  in  the  3-8  i region  were 
LiF  (2d  = 1|.028  i),  Ge  (2d  = 6.533  £.),  and  Pentaervthritol  (PET, 

2d  * 8.726  £).  On  some  shots  a 500  y,m  slit  was  used  to  acquire  spatially 
resolved  Ar  spectra.  The  x-ray  pinhole  camera  was  used  to  record  the 
plasma  image  simultaneously  with  the  x-ray  spectral  data.  The  pinhole 
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camera  consisted  of  apertures  of  sizes  15,  50,  and  100  y,m  diameter  in 
0.0025  cm  Au  foil  and  a film  stack.  The  front  film  was  a Kodak  fine- 
grain  x-ray  film  while  Kodak  No-Screen  was  used  as  the  second  film.  The 
front  film  recorded  all  the  Ar  line  radiation  while  the  second  film 
recorded  radiation  primarily  below  about  3.5  A,  including  all  of  the  Ar 
radiation  from  transitions  with  an  n > 3 upper  level.  The  image  of  the 
plasma  column  formation  was  recorded  with  various  film  combinations  and 
magnifications  for  determining  the  size  of  the  pinch  plasma  regions. 

Spectral  intensities  were  obtained  by  correcting  the  measured  film 
densities.  Film  densities  were  recorded  every  10  (j,m  across  the  films 
using  a 10  or  20  |xm  wide  densitometer  slit  width.  The  spectra  were 
scanned  with  a digitizing  Grant  densitometer.  The  film  densities  were 

converted  to  spectral  intensities  using  No-Screen  sensitometric  data,^ 

( £\ 

published  x-ray  absorption  coefficients  for  the  filters,  ' and  flat 

(7) 

crystal  integral  reflection  coefficients.  X-ray  line  ratios  were 
obtained  from  Integrated  spectral  intensities. 

Plasma  temperatures  were  determined  from  model  calculations  being 

/Q\ 

developed  at  the  Naval  Research  Laboratory.  ' A collisional-radiative 
equilibrium  transport  model  (C.R.E.)  was  used  for  interpreting  the  Ar 
spectra.  The  model  solves  rate  equations  involving  the  ground-state 
levels  and  1 6 excited-state  levels  in  the  H-  and  He-like  ionization 
stages.  The  radiation  transport  allows  for  photon  escape  from  optically 
thick  plasma  by  frequency  diffusion  into  a broadened  line  profile.  Three 

sets  of  line  ratios  involving  the  He-  and  H-like  ionization  stages  were 
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calculated  at  an  ion  density  of  1 x 10  cm  corresponding  to  an  electron 
density  of  about  1.6  x 102i  ol/cm^  for  finite  pinched  regions  with 
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between  30  and  250  y,m  diameters.  Plasma  temperatures  for  A1  spectra, 
generated  in  the  gas-puff  discharge  device  by  exploding  a thin  wire, 

(q) 

were  determined  from  line  ratio  calculations  for  imploded  wire  plasmas.  7 
The  plasma  temperature  for  the  Kr  spectrum  was  estimated  from  the 
abundance  of  ionization  stages  using  coronal  model  calculations.^10^ 

III.  Results 

A.  Plasma  Images 

Some  ilO  sets  of  time-integrated,  x-ray  pinhole  images  were  col- 
lected for  the  Ar  gas  puff  shots  with  various  size  pinholes  and  films. 

The  images  consisted  of  a collinear  pattern  of  closely  spaced  or  over- 
lapping pinched-plasma  spots.  Fig.  2 shows  the  image  acquired  through 
a 100  p,m  pinhole.  The  collinear  series  of  pinches  formed  in  Ar  plasmas 
is  seen  to  extend  from  the  anode  surface  to  the  cut  off  formed  by  the 
cathode  structure.  An  inter-electrode  distance  of  ~ 7 mm  is  viewed  by 
the  pinhole  camera.  The  plasma  column  forms  at  the  center  of  the  hollow 
gas  jet  in  the  z-pinch  device.  In  only  one  Ar  shot  the  plasma  column 
was  non-col  linear,  but  rather  had  a short  curved  tail  midway  along  the 
column.  After  achieving  the  proper  operational  conditions,  principally 
the  amount  of  gas  injection  and  the  delay  time  between  the  gas  valve  and 
the  capacitor  discharges,  intense  pinching  was  observed  on  every  shot. 
There  is  shot-to-shot  variation  in  the  position  of  the  pinches  along  the 
inter-electrode  spacing,  but  the  image  in  Fig.  2 is  typical  for  Ar  shots. 

The  size  and  shape  of  the  Ar  plasma  pinches  was  determined  from 
pinhole  images  collected  with  lower  exposure  and  thru  smaller  apertures. 
Depending  on  the  exposure  level,  lengths  up  to  1+  mm  of  continuous-looking 


plasma  were  observed.  However  at  low-exposure  level  Individual  pinched 
areas  or  spots  were  visible.  Fig.  3 shows  the  Ar  plasma  images  for 
shot  33.  The  images  were  collected  on  fine  grain  Kodak  Panatomic  X film 
(front)  and  Kodak  No-Screen  film  (second).  The  collinear  pattern  of 
pinched  spots  (limited  by  the  100  y,m  pinhole)  is  observed.  The  outline 
of  the  anode  is  more  visible  in  the  second  film  indicating  energetic 
x-rays  with  energies  above  3-k  keV.  On  some  shots  a third  film  (No 
Screen)  was  placed  in  the  stack.  The  image  formed  from  x-rays  with 
energies  > 6 keV  was  that  of  the  anode  structure  without  pinches.  The 
amount  of  flaring-like  radiation  on  the  anode  side  of  the  pinches  is 
barely  visible.  A 15  um  diameter  pinhole  in  0.0025  cm  Au  foil  was  used 
to  determine  the  size  of  the  pinches.  The  pinched  areas  were  found  to 
be  between  5C  and  100  u,m  in  diameter.  Also  the  size  of  the  plasma  column 
generally  varied  between  50  and  ICO  p,m. 

The  pinhole  images  of  Kr  plasmas  indicated  that  only  a few  pinches 
were  formed  by  the  plasma  implosion.  Fig.  1+  shows  a typical  image.  In 
the  Kr  shots,  the  pinches  always  occurred  away  from  the  anode;  and  a 
broad  plasma  column  (1/2-1  1/2  mm  diameter)  was  observed  between  the 
pinches  and  the  anode.  The  Kr  pinches  were  again  50-lCC  u,m  in  size  and 
were  visible  only  on  the  first  film  of  the  stack  because  of  the  longer 
wavelength  of  the  Kr  spectral  lines.  The  plasma  column  emanating  from 
the  pinches  was  more  intense  on  the  second  film  of  the  stack. 


B.  Argon 


Argon  spectra  were  collected  with  LiF  and  Ge  crystals  from  the 


gas-puff  z-pinch  device.  Fig.  5 shows  a spectral  region  containing  the 
He-  and  H-like  resonance  lines  in  Ar  XVII  and  XVIII  for  shot  33-  The 
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Li-like  k,j  satellite  lines  in  Ar  XVI  are  identified,  together  with 
radiation  from  Ar  XV.  In  one  shot  ls-2p  type  transitions  were  observed 
for  ionization  stages  down  to  Ar  X.  The  spin-orbit  splitting  in  the  2p 
configuration  can  be  seen  for  the  H-like  resonance  transitions.  This  in- 
dicates a resolving  power  of  700  for  the  Ge  crystal  based  on  a calculated 
separation  of  milli  angstroms. This  spectrum  was  obtained  with 
spatial  resolution  from  the  intense  pinch  indicated  in  Fig.  3»  The  Argon 
wavelengths  used  in  this  work  were  those  published  by  Peacock  for  the 
He-like  transitions  in  Ar  XVII. 

The  Ar  plasma  electron  temperature  was  determined  from  two  pairs  of 

line  ratios  calculated  for  50  and  100  p,m  spots  in  the  C.R.E.  model.  The 

integrated  ratios  of  the  Ar  XVIII  Lyman  alpha  lines  to  both  the  Ar  XVII 
2 1 2 1 

Is  -ls2p  P and  the  Is  -ls3p  P lines  were  used.  The  temperatures  esti- 
mated from  the  two  sets  of  lines  agreed  within  30  eV.  The  Ar  plasma 
temperature  produced  in  the  pinched  region  in  shot  33  was  925-1025  eV. 

The  10C  eV  temperature  range  corresponds  to  calculations  for  a 100  p,m  and 

50  p,ra  pinched  plasma  diameter,  with  the  higher  temperature  associated  with 

2 1 

a smaller  plasma  size.  The  He-like  resonance  line  (Is  -ls2p  P)is  opti- 

20 

cally  thick  for  50-100  p,m  diameter  plasmas  at  an  ion  density  of  1 x 1C 
cm  ^ . The  optical  depth  varies  between  15  and  30.  All  other  transitions 
generated  in  the  Ar  plasma  under  these  conditions  and  at  a plasma  temper- 
ature of  ~ 1 keV  have  optical  depths  of  less  than  unity.  For  the  temper- 
ature, density,  and  lifetime  determined  in  this  experiment,  the  pinched 
Ar  plasma  is  in  a state  near  coronal  equilibrium.  A plasma  temperature 
estimate  based  on  coronal -equilibrium  plasma-model  calculations  including 
the  effect  of  dielectronic  recombination  yields  a temperature  of  l.C  keV 
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for  Ar.  A recombination  temperature  of  825  eV  was  determined  from  the 
intense  k,j  dielectronic  satellite  lines  in  Ar  XVI  based  on  theoretical 
work  for  the  Li-like  transition  satellite  to  the  He-resonance  line. 
These  calculations  are  for  low  density  optically  thin  plasmas.  The 
assumption  is  made  in  this  work  that  the  opacity  of  the  *P  line  produces 
a frequency  redistribution  of  line  radiation  in  the  transport  from  the 
dense  plasma  region.  This  effect  would  produce  line  broadening  of  the 
line.  The  He-like  resonance  line  is  observed  to  be  30#  wider  than 
the  ^P  intercombination  line  at  half  maximum  intensity.  The  integrated 
line  ratio  of  the  He-like  resonance  *P  and  intercombination  ^P  transitions 

can  be  used  to  estimate  the  density  for  the  pinched  plasma.  An  electron 
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density  of  3 x 10  cm  was  determined  based  on  theoretical  calculations 
for  laser-produced  plasmas and  the  ^P  to  'P  line  ratio  for  shot  33. 

The  higher  Rydberg  transitions  in  Ar  yielded  additional  temperature 
and  density  diagnostics  together  with  intense  satellite  spectral  lines. 

The  high  Rydberg  transitions  in  Ar  were  recorded  after  changing  the 
crystal  angle  in  the  x-ray  spectrograph.  Fig.  6 shows  an  Ar  spectrum  in 

the  3-3 • 5 A region  collected  with  a LiF  crystal.  The  He-like  Rydberg 

2 

transitions  in  Ar  XVII  were  observed  up  to  Is  -ls8p  in  this  shot.  The 

nM 

series  merging  technique  yields  an  electron  density  estimate  of 
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2 x 10  cm  . In  other  shots,  the  Is  -ls8p  line  in  Ar  XVII  was  also  the 

highest  Rydberg  transition  before  merging  into  the  continuum  occurred. 

2 

However  on  one  shot  a weak  indication  of  the  Is  -ls9p  line  was  present 

20  3 

which  yields  a corresponding  density  of  8 x 10  el/cm  . The  plasma 

temperature  was  determined  from  the  3-3*5  1 Ar  spectra  from  the  line 

2 

ratio  of  the  ls-3p/ls  -ls5P  lines.  These  lines  are  close  in  wavelength 
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and  hence  any  experimental  uncertainty  in  processing  the  spectral  inten- 
sities is  minimized.  This  line  ratio  gave  a plasma  temperature  of  95O- 
1050  eV  based  on  the  C.R.E.  calculations  for  the  spectrum  shown  in 
Fig.  6.  On  other  shots  collected  with  the  Ge  crystal  the  spectral  lines 
were  more  intense  above  the  background  radiation  and  the  hydrogenic 
ls-4p  line  in  Ar  XVIII  was  observed.  However,  the  Ar  spectra  did  not 
have  sufficient  intensity  to  determine  a plasma  temperature  from  the 
slope  of  the  hydrogenic  free-bound  continuum.  Fig.  6 shows  the  calcu- 
lated line  pattern  for  the  Li-like  satellites  for  the  He-like  Rydberg 
transition  in  Ar  from  atomic  structure  calculations . The  theoretical 

oscillator  strengths,  gf-values,  for  each  of  the  transitions  are  obtained 
for  the  calculated  wavelengths  in  the  configurations  with  2s  and  2p 
electrons  in  the  ground  state.  The  calculated  wavelengths  were  normalized 
by  +3  mA  before  plotting.  It  can  be  seen  that  there  is  agreement  between 
the  calculated  and  observed  satellite  structure.  Table  I gives  the 

classification  of  the  experimental  satellite  lines.  The  most  Intense 

2 

satellite  lines  arise  from  D terms  in  the  upper  configurations. 

Spectral  variations  were  found  in  Ar  spectra  collected  without 
spatial  resolution  from  the  plasma  implosion  regions.  In  some  Ar  puff 
gas  shots,  the  plasmas  had  about  100  eV  lower  temperature  than  in  shots 

O 

generating  ~ 1 keV  plasma.  In  shot  Vf  the  H-  to  He-like  ls-2p/ls  -ls2p 

line  ratio  gave  a plasma  temperature  825-925  eV  based  on  the  collisional- 

radiative  equilibrium  model  for  100  and  50  urn  pinched  diameters.  A 

correspondingly  lower  recombination  temperature  of  J00  eV  was  found  for 

the  intensity  of  the  k,j  lines.  The  electron  density  was  determined  to 
21  -3 

be  2 x 10  cm  . Another  shot  (59)  for  which  the  high  Rydberg  transitions 
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were  collected  with  the  Ge  crystal  had  a lower  plasma  temperature  of 

2 2 
800-900  eV  based  on  the  ls-3p/ls  -ls5p  line  ratio.  In  Fig.  6 the  D 

satellite  has  a wavelength  of  3.^29  h and  coincides  with  the  line  identi- 
fication by  Peacock  and  Cowan^1^  as  the  Is2  2p  ^P-ls2p3p  line  in 
Ar  XVI . The  ratio  of  this  satellite  line  and  the  satellite  line  at 

3.275  1 to  the  Is  -ls5p  line  exhibited  large  shot-to-shot  variations. 

The  striking  feature  of  shot  39  was  that  these  two  satellite  lines  were 

2 2 

about  75$  the  intensity  of  their  parent  Is  -ls3p  and  Is  -ls4p  lines  in 
Ar  XVII. 

In  the  gas-puff  data,  Ar  Kot  and  Kfi  lines  were  not  present  at  a 
detectable  level.  X-rays  from  these  lines  would  be  produced  by  energetic 
electrons  forming  inner-shell  vacancies  in  cool-plasma  regions.  Energetic 
x-rays  C>  3.5  keV)  are  seen  to  be  emitted  from  the  anode  in  the  pinhole 
images  for  Ar  plasmas.  The  slit  in  front  of  the  spectrograph  limited  the 
view  to  the  imploded  plasma.  The  dense  plasma  in  the  gas  puff  pinched  to 
uniform  diameters  (Fig.  3)  with  only  a small  amount  of  flaring  towards  the 

anode.  In  contrast,  the  images  produced  in  exploded-single-wire  experl- 

(17) 

ments  have  large  cool-plasma  flares  (anode  side  of  each  pinch).  Cl 

Ka  x-rays  produced  by  inner-shell  ionization  in  cool  plasma  were  detected 
in  a Cl  spectrum  in  a single  exploded-wire  experiment  using  a small  dia- 
meter strip  of  saran;  but  Cl  Ka  lines  were  not  detectable  in  spectra  pro- 
duced by  plasma  implosion  from  an  exploded  array  of  multiple  saran 

/I  Q\ 

strips.  Both  the  absence  of  inner-shell  radiation  and  the  images  of 

the  pinched  regions  in  the  gas-puff  data  indicate  similarities  in  plasma 
formation  between  the  z-plnches  in  the  gas  puff  and  plasma  implosions  from 
circular  arrays  of  exploded  wires. 
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C.  Krypton 

Kr  spectra  were  collected  with  a PET  crystal  from  the  gas-puff 

z-pinch  device.  Figs.  7 and  8 show  Kr  spectra  with  2-3  level  transitions 

in  the  6. 2-7. 6 X region.  The  dominant  lines  are  identified  as  Ne-like 

Kr  XXVII.  The  F-like  transitions  in  Kr  XXVIII  were  observed  to  be  simi- 

(19) 

lar  to  laser-produced  spectral  patterns  found  in  Zn,  Ge,  and  Se. 

Lines  on  the  long  wavelength  side  of  the  2p-3s  and  2p-3d  Ne-like  transi- 
tions in  Kr  XXVII  are  satellite  lines  associated  primarily  with  the 
Na-like  Kr  XXVI  ionization  stage. 

The  Kr  spectral  wavelengths  were  calibrated  with  the  H-  and  He-like 
lines  from  Al  plasmas,  and  the  spectra  lines  were  classified  using  rela- 
tivistically-corrected  Hartree-Fock  calculations.^20^  Table  II  gives  the 
experimental  wavelengths  and  relative  intensities  for  the  Kr  XXVII  lines. 
The  wavelengths  determined  for  Kr  agreed  within  2 mi  with  values  inter- 
polated from  laser  data  for  the  L-series  x-rays  studies  for  elements  Zn 

(21) 

(30)  thru  Mb  (k2)  at  the  Naval  Research  Laboratories  and  at  the 

(22) 

Lebedev  Physics  Institute.  The  calculated  line  pattern  for  the  2p-3s 

transitions  (plotted  without  normalization)  in  Na-like  Kr  XXVI  and  F-like 
Kr  XXVIII  agree  reasonably  well  with  the  observed  spectrum  in  Fig.  7. 

The  satellite  lines  in  Kr  XXVI  are  classified  in  Table  III.  In  Fig.  8 
the  2p-3«  satellite  lines  between  6.7  and  7.0  X are  complex  and  calcu- 
lations were  not  perform*'!  for  Kr.  The  spectral  pattern  in  Kr  is  similar 

to  those  produced  in  exploded-Mo-wlre  plasmas  for  which  the  Na-  and  Mg- 

(23) 

like  transitions  have  been  identified.  The  most  intense  satellite 

transitions  were  identified  as  belonging  to  transitions  in  Na-like 
Mo  XXXII  configurations  with  a 3s,  3p»  or  3d  electron  in  the  lower 
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configuration.  The  F-like  transitions  are  distinct  in  the  Kr  spectrum, 
and  the  calculations  for  the  2p-3s  and  2p-3d  transitions  in  Kr  XXVIII 
are  shown  in  Figs.  7 and  8,  respectively.  Classifications  for  the  F-like 
lines  are  presented  in  Table  IV.  Isoelectronic  extrapolation  of  the 
2p-3s  F-like  transitions,  previously  measured  in  Zn,  Ge,  and  Se,  are  in 
good  agreement  with  the  present  determinations  in  Kr  listed  in  the  table, 
except  for  the  7*209  A line.  From  the  observed  distribution  of  ionization 
stages  identified  in  the  Kr  spectrum,  a Kr  plasma  temperature  of  1.5  keV 
is  obtained  from  the  coronal  model. 

D.  Aluminum 

Highly- ionized  A1  spectra  were  acquired  primarily  for  wavelength 
calibration  of  the  Kr  lines  in  the  6-7.6  i region.  However,  the  production 
of  the  A1  spectra  by  exploded  wire  is  interesting  in  demonstrating  that 
high  temperature  plasmas  can  by  produced  by  exploding  wires  in  a small- 
scale  discharge  generator.  A1  spectra  were  produced  from  explosion  of 
0.0015  cm  wires  stretched  between  the  anode  and  cathode  in  this  long-pulse 
generator.  The  electrical  discharge  characteristics  were  not  optimized 
for  the  exploding  wires,  but  the  A1  spectra  provided  excellent  calibration 
lines  for  the  Kr  data.  The  Kr  wavelengths  could  be  measured  to  a pre- 
cision of  ± 0.003  A by  reading  the  spectral  films  on  a Grant  comparator 
densitometer.  The  only  spectral  data  used  were  from  shots  in  which  the 
pinhole  images  of  the  plasma  showed  that  collinear  pinches  were  formed 
by  the  imploded  gas  and  the  exploded  wire. 

Spectra  produced  with  puffed-Ar-gas  and  A1  wires  provided  useful  A1 
spectral  results.  Fig.  9 shows  the  H-  and  He-like  resonance  lines.  The 
satellite  structure  for  this  spectral  region  has  been  identified  in 
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for  laser- produced  Al-spectra.  The  He-like  lines  satellite  to  the 

ls-2p  Lyman  alpha  transition  in  A1  XIII  have  also  been  studied  at  the 

Lebedev  Physical  Institute. The  intense  satellite  line  at  7*275  k 

1 2 1 

is  identified  as  the  ls2p  P^p  transition  in  A1  XII  in  agreement 

with  these  earlier  reports.  The  relative  line  ratio  of  the  hydrogen  to 
helium-like  resonance  lines  gave  a plasma  temperature  of  400  eV  based  on 

the  C.R.E.  model.  The  electron  density  from  the  ratio  of  resonance  and 
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intercombination  lines  was  2 x 10  cm  . The  high  Rydberg  transitions 

in  A1  were  recorded  with  the  PET  crystal  and  are  shown  in  Fig.  10.  The 

2 

Is  -ls9p  line  was  the  last  series  transition  observed  yielding  a plasma 
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electron  density  of  3 x 10  cm  . The  measured  ls-3p/ls  -ls5p  line  ratio 

gave  a plasma  temperature  of  450  eV  (thin  plasma  calculation).  The  tran- 

2 2 

sitions  satellite  to  the  Is  -ls3p  and  Is  -ls4p  He-like  transitions  have 
been  identified  with  the  aid  of  atomic  structure  calculations  in  Fig.  10. 

The  most  Intense  satellite  at  6.805  1 is  identified  as  the  ls^2p 

2 3 2 

P-ls2p(  P)3p  D transition  in  Al  XI  in  agreement  with  previous  classifi- 

(24) 

cations  for  laser-produced  spectra.  The  spectral  peak  adjacent  to 

2 

the  Is  -ls3p  peak  in  the  short  wavelength  side  is  undetermined.  Classifi- 
cations in  the  Al  XI  spectrum  are  given  in  Table  V. 

IV.  SUMMARY 

The  collection  of  x-ray  spectral  data  and  pinhole  images  has  pro- 
vided insight  into  the  z-pinched  plasma  formed  in  the  gas-puff  z-pinch 
device.  This  device  produces  hot  plasma  pinches  in  every  shot.  The  Ar 
Images  showed  a coLl inear  column  of  pinched-plasma  regions  with  sizes 
between  50  and  100  u.m  in  diameter.  The  pinches  have  electron  densities 
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of  ~ 2 x 10  cm  and  plasma  temperatures  between  925  and  1050  eV  deter- 
mined from  line  ratio  calculations.  In  a few  Ar  shots,  the  plasma  was 
formed  with  temperatures  about  100  eV  lower.  The  Ar  spectra  generated 

by  the  gas-puff  z-pinch  device  are  similar  to  Ar  spectra  produced  by  the 

2 

dense-plasma-focus  device.  Some  shots  produced  enhanced  D satellite 
lines  in  Li-like  Ar  XVI.  Inner  shell  K radiation  was  not  detectable  from 
plasma  formed  in  the  inter -electrode  gap. 

The  value  of  this  source  for  spectroscopy  of  highly-ionized  atoms  is 
demonstrated  by  analysis  of  Kr  x-ray  spectra.  The  gas  puff  shots  with 
Kr  formed  a few  pinches  midway  in  the  inter -electrode  spacing.  These 
pinches  have  plasma  temperatures  of  about  1 .5  keV,  and  emit  intense 
Ne-like  Kr  XXVII  lines.  The  2p-3s  spectral  lines  in  Na-like  Kr  XXVI 
and  the  2p-3s,  2p-3d,  and  2s-3p  transitions  in  F-like  Kr  XXVIII  have  been 
measured  and  classified  with  atomic  structure  calculations.  The  agree- 
ment between  the  wavelengths  measured  in  this  work  and  both  calculated  and 
isoelectronically  extrapolated  wavelengths  was  within  7 mA  for  most  all 
of  the  transitions  reported.  The  accuracy  in  the  experimental  wavelength 
determinations  in  Kr  is  therefore  0.1$. 

The  discharge  device  was  capable  of  exploding  thin  A1  wires  to 

produce  high  density  pinches  with  4-50  eV  plasma  temperatures  and 

20  -3 

electron  densities  of  ~ 3 x 10  cm  . 
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Table  I.  Experimental  and  calculated  Li-like  satellite  transitions  in  Ar  XVI 
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Table  ii.  Experimental  values  for  Ne-like  transitions  in  Kr  XXVII. 


Table  III.  Experimental  and  calculated  Na-like  satellite  transitions  in  Kr  XXVI. 
Expt . Calc.  Composition  of 
wavelength  X gf  ja  J'a  E'*a  Classification  upper  levelb 
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Table  in.  Experimental  and  calculated  Na-like  satellite  transitions  in  Kr  XXVI,  continued 
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Table  iv.  Experimental  and  calculated  values  for  F-like  transitions  in  Kr  XXVIII  (continued) 


Table  IV.  Experimental  and  calculated  values  for  p-like  transitions  in  Kr  XXVIII  (continued) 


6.151  0.71  1/2  3/2  16  558  000  0.69(  S ,l/2,3/2)  0.53(F) 


Table  IV.  Experimental  and  calculated  values  for  F-like  transitions  in  Kr  XXVIII  (continued) 


Table  V.  Experimental  and  calculated  Li-like  satellite  transitions  in  A1  XI. 
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Table  v.  Experimental  and  calculated  Li-like  satellite  transitions  in  A1  XI,  continued. 
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geometry  used  In  the  gas-puff,  z-plnch  device. 
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Ar  spectrum  from  a pinched-plasma  region. 


WAVELENGTH  (A) 

Fig.  6 - Ar  spectrum  3-3.5  X showing  the  high  Rydberg  transitions  in 
Ar  XVII  and  Li- like  satellite  line  identifications  in  Ar  XVI. 


WAVELENGTH(A) 

Fig.  9 - A1  spectrum  7. 1-7. 9 X from  an  exploded  wire. 
The  film  had  a non-uniform  fog  level. 
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from  an  exploded  wire,  with  Li-like  satellite  line  identifications 
in  A1  XI. 
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